and exencephaly (reviewed by . Most homozygous mutant Sp alleles are lethal prior to embryonic day 15 (E15). Pax-3 is expressed in the unsegmented paraxial mesoderm (UPM) and epithelial somite, becoming confined first to the dermomyotome and later to its lateral half. Cells that migrate from the lateral part of the somite to the limb express Pax-3 (Williams and Ordahl, 1994; Daston et al., 1996) . Indeed, Sp mice lack limb muscles, demonstrating that Pax-3 is necessary for the migration of this muscle precursor cell population Marcelle et al., 1995) . This phenotype is similar to that of mice carrying a null mutation in the met receptor gene (Bladt et al., 1995; Maina et al., 1996) , and recent results suggest that Pax-3 may directly activate the met gene (Epstein et al., 1996; Yang et al., 1996) . The latter is also expressed in the dermomyotome, and muscle precursor cells expressing met may migrate in response to its ligand, scatter factor, which is present in the proximal limb (Bladt et al., 1995) .
Since Pax-3 and Myf-5 are expressed in muscle progenitor cells, we analyzed loss-of-function mutations in single and double mutant mice to investigate the respective roles that the Pax-3 and Myf-5 genes play in programming myogenesis. While the individual mutations display perturbations in some distinct skeletal muscles, strikingly, in Sp/Myf-5 double homozygous mutant embryos, skeletal muscles in the body are ablated. In the absence of Pax-3 and Myf-5, MyoD is not activated in the body and therefore cannot rescue skeletal myogenesis, suggesting that it acts genetically downstream from Pax-3 and Myf-5. Moreover, neither Pax-3 nor Pax-7 is dorsi muscle, originating just posterior to the forelimb and later spanning dorsoventrally in the interlimb region, is absent in Sp homozygous embryos ( Figures 1A, 1C , largely absent in Sp homozygous embryos. It is noteworthy that some deep back muscles derived from the me-2A, and 2B). Muscles of the shoulder, ventral body, and diaphragm ( Figure 2F ) also were missing. In addition, dial-half somite were also noticeably absent in Sp/Myf-5 a2ϩ/Ϫ embryos by E12.5 ( Figure 1C ). from about embryonic day 10 (E10), muscle progenitor cells originating from the occipital somites undergo a long-range migration underneath the arches to constiSkeletal Muscle Perturbations Are Distinct in Sp Homozygous and Myf-5 Null Mice tute the hypoglossal muscles of the throat and some tongue musculature. These cells, which activate Pax-3
Myf-5 null mice carrying the bacterial nlacZ reporter gene under the control of Myf-5 regulatory sequences initially and subsequently express Myf-5, MyoD, and myogenin, were absent in Sp homozygous embryos at reproduce the delay in myotome formation, truncated rib phenotype, and perinatal E10.5 ( Figures 4C, 4H , and 4L and data not shown).
These findings suggest that migrating muscle progendeath described for another allele at this locus . We have shown that nlacZ faithfully recapititor cells in the lateral-half somite, which express Pax-3 prior to activation of Myf-5 or MyoD (see below), are
ulates Myf-5 expression in these mice (Tajbakhsh and a2ϩ/Ϫ embryo was stained more briefly with X-Gal to distinguish muscle groups more clearly. The prominent latissimus dorsi muscle (A and E, asterisk) is missing in Sp embyros (B, C, D, F, and G). Some ␤-gal ϩ cells are reproducibly detected in the hindlimb of Sp mutants (C and D, arrowheads). (E, F, G, and I) In situ hybridizations with an antisense myogenin riboprobe on saggital sections of wild-type (E), Sp/Myf-5 a2ϩ/Ϫ (F), and Sp/Myf-5 a2Ϫ/Ϫ (G and I) E14.5 embryos, visualized by dark-field microscopy. Note the absence of diaphragm muscle (double arrowheads) and some neck and shoulder muscles in embryos mutant for Pax-3 (F and G). In toto X-Gal stained (H) and saggital section reacted with a myogenin riboprobe (I) of a Sp/ a2Ϫ/Ϫ embryo reveals that the metameric ␤-gal expression, appearing as pink in dark field (underneath the neck muscles on whole mount), is myogenin negative (arrowheads) while the neck muscles are myogenin positive (arrow). l, lung; li, liver, h, heart. Scale bar, 150 m (E-G) and 40 m (I). Tajbakhsh et al., 1996a) . The ability Body Muscles Are Ablated in Sp/Myf-5 Double Homozygous Mice to readily monitor ␤-galactosidase-positive (␤-gal ϩ ) cells and muscles by whole-mount coloration permitted
To determine which aspects of skeletal muscle development are controlled by Pax-3 and Myf-5, we interbred us to detect early skeletal muscle perturbations that were not reported previously Braun double heterozygous Sp/ϩ/Myf-5 a2ϩ/Ϫ mice to obtain double homozygous mutants. As expected, Sp and Myfet al., 1994) .
The skeletal muscle defects observed in Sp homozy-5 a2Ϫ/Ϫ homozygous embryos were not viable. Double heterozygous mice were viable and fertile and were used gotes were qualitatively distinct from those in Myf-5 null mice ( Figures 1B and 1C ). Prior to MyoD activation, the as breeding stocks. No obvious skeletal muscle abnormalities were seen in these animals. early myotome is absent in Myf-5 null mice, and ␤-gal ϩ muscle progenitor cells are disorganized (Tajbakhsh et Strikingly, analysis of double homozygous mutant embryos revealed that nlacZ expression in the body was al., 1996b; Figure 4B ). Subsequently, at E12.5, a stage when MyoD is normally present (Sassoon et al., 1989) , almost entirely eliminated, whereas head muscles were apparently normal ( Figures 1D, 2C , and 2D). To deterperturbations extending along the anterior-posterior axis were evident, particularly in the deep back and mine whether this observation does not reflect merely a down-regulation of the Myf-5 promoter, we analyzed dorsal and ventral interlimb muscles ( Figure 1B) . Some of the ventral disorganization in the thoracic region may saggital sections for the presence of transcripts of the muscle differentiation marker myogenin. In situ hybridbe due to the truncated rib phenotype. The skeletal muscle deficiencies observed at early stages in Myfization revealed that myogenin expression was absent in the body of these animals but was present in the head 5 a2Ϫ/Ϫ embryos were less prominent after E14.5 (data not shown). Both Pax-3 and Myf-5 are therefore important ( Figure 2G ). Examination of fetuses in whole mount and sections showed that the double mutants have a rein the establishment of skeletal muscles in the body at early developmental stages.
duced size in the back and body wall regions compared Although Myf-5 expression was almost entirely abures 3A and 3B). MyoD protein expression also was ablated in these double mutants (see below). lated in the body of Sp/Myf-5 a2Ϫ/Ϫ double homozygous embryos, some ␤-gal ϩ regions were detected reproduciTherefore, we conclude that skeletal muscles of the body are ablated in Sp/ a2Ϫ/Ϫ double homozygous bly in the body of these mutants ( Figures 2C, 2D , and 2H; see also below). A few ␤-gal ϩ cells appearing in a embryos while head muscles are present. Given the latter finding, we examined the expression of Pax-3 and segmental organization were detected dorsally ( Figure  2H ), and a group of ␤-gal ϩ cells was observed in the Pax-7 in muscle precursors and developing muscles of the body and head by whole-mount in situ hybridization proximal region of the hindlimb ( Figures 2C and 2D ). In addition, some neck muscles that appear to extend from ( Figures 4K-4N and data not shown). Both genes were expressed in the somites, with Pax-7 in the central derthe head into the body of the embryo were observed in these double mutants ( Figure 2H ). To evaluate the nature momyotome ( Figure 4M ) and Pax-3 more laterally ( Figure  4K ), and both were expressed in skeletal muscles at of these ␤-gal ϩ cells in the body, we examined saggital sections from E14.5 Sp/Myf-5 a2Ϫ/Ϫ embryos that were later stages (data not shown). However, neither Pax-3 nor Pax-7 transcripts were detectable in forming skeletal stained for ␤-gal activity and then hybridized with an antisense myogenin probe ( Figures 2H and 2I ). Our analmuscles or their precursors in the head (Figures 4K and 4M and data not shown). The expression pattern of ysis revealed that ␤-gal ϩ cells in the hindlimb and dorsal body were negative for myogenin, with some of these Pax-7 did not appear to be significantly altered in the body or head of Sp homozygous embryos ( Figure 4N cells appearing in cartilage ( Figure 2I and data not shown). These observations suggest that they are misloand data not shown). Furthermore, Pax-7 is expressed later than Pax-3, and Pax-7 null mice do not appear to cated muscle progenitor cells, as described in Myf-5 null embryos at early stages .
have a muscle phenotype (Mansouri et al., 1996) . The neck muscles, however, transcribe the myogenin gene.
Distinct Muscle Progenitor Cell Perturbations in Sp, Myf-5, and Sp/Myf-5 Homozygous To analyze further this muscle phenotype, we used an anti-myosin heavy chain (MHC) antibody that recog-
Mutant Embryos
To understand the respective roles that Pax-3 and nizes the major striated muscle isoforms of this family. Whereas skeletal muscles in the trunk and limb as well
Myf-5 play in programming myogenesis, we examined the patterning of muscle progenitor (␤-gal ϩ ) cells in Sp/ the lateral edge of interlimb ( Figure 4B ) and tail (data not shown) somites. In Sp/Myf-5 a2ϩ/Ϫ embryos, the myotome Myf-5 a2ϩ/Ϫ and Sp/Myf-5 a2Ϫ/Ϫ embryos at an earlier stage. In normal a2ϩ/Ϫ embryos, the myotome was well was present; however, a noticeable shortening and disorganization of the somitic bud (lateral-most dermomyoestablished by E10.5 ( Figure 4A ) and contained differentiated myocytes expressing skeletal muscle markers. At tome) of interlimb somites as well as a subtle decrease in size of the medial somitic domain were seen (Figures this stage, the dorsal (epaxial) and ventral (hypaxial) domains of the myotome overlap, rendering this division 4C, 4H, 4J, and 4L; see also Figure 1C ). Notably, in Sp/Myf-5 a2Ϫ/Ϫ double homozygous emindistinguishable with available muscle markers. In addition, the forelimbs contain Pax-3 ϩ and ␤-gal ϩ muscle bryos, ␤-gal expression was absent in the ventrolateral aspect of interlimb somites at E10.5 ( Figure 4D ). In conprecursor cells. In a2Ϫ/Ϫ embryos, the myotome was absent and muscle progenitor cells were aberrantly trast, ␤-gal expression was observed in dorsomedial muscle progenitors, but they appeared disorganized blocked along the medial edge of all somites and along and slightly more dispersed than in a2Ϫ/Ϫ embryos body on saggital sections of E14.5 double mutant embryos (data not shown). Furthermore, these regions were (compare Figures 4B and 4D ). This labeling corresponded to the ectopic ␤-gal ϩ cells observed dorsally negative for the early myoblast marker desmin (data not shown). It is noteworthy that in Sp/Myf-5 a2Ϫ/Ϫ double at later stages ( Figures 1D, 2H, and 3D ). In all mutants examined, the arches, temporalis, and extraocular mushomozygous embryos, a few MyoD ϩ cells that were also MHC ϩ were detected in the trunk adjacent to the neural cles of the head appeared normal ( Figures 4A-4D and data not shown). Thus, Myf-5 activation is independent tube at E12.5 ( Figures 3B and 3D ). It is not clear whether these cells originated from the epaxial or hypaxial doof Pax-3 except in the ventrolateral domain in interlimb somites (see Discussion).
main of the somite. This expression is reminiscent of the residual myogenin-positive cells observed in the trunk To determine whether Pax-3 expression is dependent on Myf-5, we analyzed Myf-5 a2ϩ/Ϫ and Myf-5 a2Ϫ/Ϫ embryos at E14.5. In addition, neither anti-MyoD nor anti-MHC ( Figure 3D ) nor anti-desmin (data not shown) antibodies by whole-mount in situ hybridization with antisense Pax-3 combined with X-Gal staining. In normal embryos, marked the ectopically located ␤-gal ϩ cells that appeared dorsally, adjacent to the neural tube at this stage Pax-3 expression is confined to the somitic bud of the dermomyotome by E10.5 ( Figure 4K ). A reactivation of (see also Figure 1D ). These findings confirm that the precursor muscle cell population is almost entirely abPax-3 then occurs in the medial aspect of the myotome (Figures 4E and 4F and data not shown). As muscle sent in the body of these double homozygous embryos. progenitor cells leave the lateral dermomyotome to form the ventral myotome, Pax-3 expression is down-reguMyoD Activation Is Delayed in Myf-5 Null Mice lated. The activation of Pax-3 was unaffected in the Since back muscle perturbations were observed in Myf-5 null mutants; however, qualitative differences in Myf-5 null mice 2 days after the expected activation the expression pattern were observed in interlimb soof MyoD ( Figure 1B) , we examined the onset of MyoD mites ( Figures 4E and 4F ). An expanded Pax-3 expresexpression in normal and Myf-5 null mice, both at the sion pattern laterally corresponds to the aberrant myotranscriptional and at the translational level. Interlimb genic progenitor cell accumulation along this edge of somites were analyzed to facilitate the simultaneous the dermomyotome. These ␤-gal ϩ muscle progenitor monitoring of medial and lateral myogenesis and to cells continued to express Myf-5 and Pax-3 (Figures avoid potential confusion with more anterior shoulder 4B, 4E, and 4F and data not shown). In contrast, those muscles, which do not show the approximately 2-day leaving the medial somite appeared more dorsally and delay in activation between Myf-5 and MyoD ( Figure 1B ). were Pax-3 negative.
MyoD expression appeared relatively synchronously These findings demonstrate that, although qualitative in the dorsal myotome of all somites at E10 (about 33 and quantitative differences in muscle progenitor cell somites; Figure 4G ), whereas earlier expression, at migrations and patterning were observed in Sp homozy-E9.75, (about 30 somites) occurred in the ventral myogous and Myf-5 null mutants, Pax-3 and Myf-5 genes tome of interlimb somites, following a rostrocaudal graare activated independently of each other. Furthermore, dient. Transcripts of Myf-5 were also detected in this Pax-3 expression in the somite precedes that of  domain but at considerably lower levels than in the meit is Myf-5, however, that programs early myogenesis to dial somite (data not shown). A comparative analysis of form the myotome.
E10.75 wild-type, heterozygous, and homozygous embryos, stained briefly with X-Gal, revealed that MyoD transcripts were not detectable in the somites of Myf-5 MyoD Is Activated in Body Muscles of Sp Homozygous but Not Sp/Myf-5 Double null embryos (Figures 5A and 5B) and were present at a reduced level compared to that in normal embryos at Homozygous Embryos It is believed that in Myf-5 null mice, Myf-5-independent E11.5 (data not shown). Wild-type and Myf-5 a2ϩ/Ϫ embryos gave similar intensity staining with the MyoD activation of MyoD rescues the myogenic program and that either Myf-5 or MyoD is probe ( Figure 5A ). The whole-mount staining reaction was stopped prior to saturation of the signal in order essential for skeletal muscle formation (Rudnicki et al., 1993) . It was therefore important to determine whether to distinguish differences more clearly. Experiments on non-X-Gal stained embryos gave similar results. These MyoD is activated normally in Sp homozygous and Sp/ Myf-5 a2Ϫ/Ϫ double homozygous embryos. Figure 4H results were not dependent on the genetic backgound of the embryos, since a comparison of embryos obshows by whole-mount in situ hybridization that MyoD transcripts were detectable in all somites of Sp homozytained from a mixed genetic background (see Experimental Procedures) with those from outbred mice gave gous embryos at E10.5, the time when MyoD becomes activated in wild-type embryos (see below). This expressimilar results.
To confirm these findings, we monitored MyoD protein sion pattern, which is qualitatively similar to that of myogenin ( Figures 4H and 4J Figure 4C) . while most cells expressed both ␤-gal and MyoD in the myotome of the Myf-5 a2ϩ/Ϫ embryo ( Figures 5C and 5D ), We then examined MyoD expression in Sp/Myf-5 a2Ϫ/Ϫ double homozygous embryos. Figures 3C and 3D show considerably fewer cells expressing MyoD protein were detected in Myf-5 a2Ϫ/Ϫ embryos ( Figure 5F ). MHC accuthat MyoD protein was lacking in the trunk and limbs of these mutants but was present in head muscles (Figures mulation showed a similar delay in Myf-5 null mutants (data not shown). Therefore, we conclude that there is 3E and 3F). MyoD transcripts were not detected in the a delay in MyoD transcript (n ϭ 5) and protein (n ϭ 3) ( Figure 6 ). Notably, in Sp homozygous cultures, UPM yielded strikingly reduced numbers of MyoD ϩ cells, and accumulation in Myf-5 null mice, suggesting that initial MyoD activation is dependent on the prior activation of this continued to be the case in older cultures (data not shown). In cultures of UPM from Myf-5 a2Ϫ/Ϫ embryos, as Myf-5. Furthermore, this observation reveals that Pax-3-dependent MyoD activation occurs later than that by expected, the numbers of MyoD ϩ cells were equivalent in the presence or absence of axial structures and were Myf-5.
Unsegmented Paraxial Mesoderm from Sp Homozygous Embryos Yields Significantly Reduced Numbers of MyoD-Expressing Cells in Explant Cultures
We have shown above that the early activation of MyoD is dependent on the prior activation of Myf-5. To evalute whether later MyoD activation is dependent on Pax-3, it was necessary to examine Sp homozygous embryos in experimental conditions in which the myogenic contribution of Myf-5 would be reduced or eliminated. This condition can be achieved by using explants of UPM, cultured in the absence of axial structures (neural tube and notochord) that normally induce Myf-5 but in the presence of dorsal ectoderm, which leads to MyoD activation. After a short period in culture, activation of MyoD in Myf-5 ϩ cells is negligible (Cossu et al., 1996a) . We therefore cultured UPM from E9.5 Sp homozygous em- cultures showed substantial numbers of MyoD ϩ cells probably derived from the lateral part of the dermomyotome and by definition are of hypaxial origin. This raises the question of whether all hypaxial muscles are ablated in Sp mice, or whether Pax-3 is required only for the formation of muscles that necessitate long-range migrations of precursor cells, as our results clearly suggest.
If we now consider perturbations in the somite itself in Sp mice, the most striking abnormality is the ablation of the somitic bud, which is derived from the lateral specific marker for laterally derived (hypaxial) myogenic cells, it is difficult to distinguish these cells from medially derived epaxial muscle that may have expanded latersignificantly higher than with Sp homozygous UPM (data ally. Nevertheless, it is clear that Sp embryos show pernot shown). This finding therefore confirms that Pax-3 turbations of myogenic progenitors and the myotome is required for the activation of the MyoD gene in condilaterally. This observation is supported by our experitions in which the Myf-5 contribution is severely rements with explants. In the absence of axial structures duced. It is noteworthy that MyoD expression was also (neural tube and notochord), myogenesis by the medial reduced in Sp homozygous embryos in the presence of route, which requires Myf-5, is blocked (Cossu et al., axial structures. This suggests that Pax-3 as well as 1996b), and lateral myogenic induction by dorsal ectoMyf-5 is involved in the activation of MyoD by the axial derm can be analyzed. We provide evidence that under structures and is consistent with our in vivo observathese conditions, UPM from Sp embryos was severely tions.
impaired in its ability to produce muscle. This was not Experiments in which the muscle differentiation the case when lateral-half somites from Sp embryos marker MHC was detected with antibodies (data not were transplanted into the limb bud (Daston et al., 1996) ; shown) also clearly indicated that in the absence of axial however, disruption of somite architecture has been restructures, induction of myogenesis by dorsal ectoderm ported to induce myogenesis (Gamel et al., 1995) . In our is severely impaired in Sp homozygous embryos. These experiments, we did not distinguish between migratory findings therefore confirm that in conditions in which populations and those that will differentiate in the soactivation via Myf-5 is severely reduced, a Pax-3-mite. Nevertheless, these observations suggest that latdependent MyoD activation pathway is uncovered.
eral myogenesis by means of signals from the dorsal ectoderm is mediated mainly through Pax-3 function.
Discussion
A second important question is what happens to myogenic cells that are derived from the medial dermomyoIn this study, we used a loss-of-function approach in tome in the absence of Pax-3. Pax-3 is expressed mice to evaluate the respective roles that the paired throughout the dermomyotome early, and subsequently box transcription factor Pax-3 and the bHLH myogenic these transcripts are concentrated in the lateral domain regulatory factors Myf-5 and MyoD play in programming (Williams and Ordahl, 1994; ; Goulding skeletal myogenesis. We demonstrate that muscle proet al., 1994) . It is therefore very surprising that MyoD genitor cells in the body require the combined actions activation does not proceed in the Sp/Myf-5 a2Ϫ/Ϫ double of Pax-3 and Myf-5 to make muscle, while Pax-3 does mutant, as it does in Myf-5 null embryos. In fact, Sp not appear to play a role in establishing nonsomitic head embryos do show a subtle muscle phenotype in epaxial muscles. In the absence of these factors, MyoD is not musculature derived from the medial dermomyotome activated and therefore cannot rescue myogenesis in (see also Franz et al., 1993) . The met gene, which apthe body, suggesting that MyoD acts genetically downpears to be a direct downstream target of Pax-3 (Epstein stream of both Pax-3 and Myf-5 for the establishment et al. Yang et al., 1996) , encodes a tyrosine kinase of skeletal muscles in the body (Figure 7) . receptor that may also play a role in proliferation (Maina et al., 1996) . Notably, met, which is expressed in the Muscle Progenitor Cell and Skeletal Muscle lateral dermomyotome, where it is necessary for the Perturbations in Sp Mice migration of cells to the limb (Bladt et al., 1995) , is also By studying heterozygous mice in which the nlacZ reexpressed in the medial lip of the dermomyotome at the porter gene had been targeted into the Myf-5 locus to time when Pax-3 is down-regulated in this region. Thus, facilitate the monitoring of muscle development, we at least one downstream gene in the Pax-3 pathway is confirm and extend previous observations on the Sp expressed in the medial part of the somite when myohomozygous mouse. In addition to the absence of limb genesis is taking place. muscles, some shoulder, ventral body, and tongue muscles are missing (see also Franz et al., 1993; Bober et Pax-3 and Myf-5 Act Genetically Upstream al., 1994; . We also show that the of MyoD and Together Are Essential diaphragm, latissimus dorsi muscle, and muscles of the for Myogenesis in the Body hypoglossal chord and ventral body wall are ablated Our analysis of Sp/Myf-5 a2Ϫ/Ϫ double homozygous embryos demonstrates that skeletal muscles are absent in in Sp homozygous embryos. All of these muscles are the bodies of these animals. MHC and myogenin, markexplant experiments MyoD is preferentially activated (Cossu et al., 1996a) . Preferential accumulation of MyoD ers of differentiated skeletal muscle, are not expressed, and furthermore the lack of desmin expression indicates in this domain has also been reported in vivo (Smith et al., 1994; Patapoutian et al., 1995; Cossu et al., 1996a) . that myoblasts are also absent. The trace amount of differentiated muscle cells that we detect may arise beOur observations on the Myf-5 null mutant, in which muscle progenitor cells are blocked in the lateral as well cause of some leakiness of the Sp allele. Alternatively, it is possible that mammals have retained a vestige of as the medial domain, also indicates that Myf-5 is indeed activated laterally. Lateral activation of Myf-5 may reprea myogenic pathway that escapes the usual early dependence on the MyoD family of myogenic regulators (Smith sent a subpopulation of myogenic precursors. In the absence of both Pax-3 and Myf-5, this lateral expression et al., 1993) . In Drosophila, a significant proportion of myogenic cells do not depend on the single D-MyoD is ablated, suggesting that Pax-3 is acting upstream of Myf-5 in this region of the embryo. (nautilus) gene (Bate, 1992) .
In contrast to the body, nonsomitic head muscles are present in the double mutant; MyoD is activated and How Do Pax-3 and Myf-5 Control Myogenesis?
In vitro experiments have shown that overexpression of other muscle markers accumulate as expected, raising the possibility that Pax-3 plays a key regulatory role in
Myf-5 in a non-muscle cell results in MyoD activation (Weintraub et al., 1991) . A simple explanation for the somitic mesoderm and not in more anterior paraxial and prechordal mesoderm, from which the majority of head lack of MyoD in the Sp/Myf-5 a2Ϫ/Ϫ double mutant is that MyoD is also transcriptionally activated by Pax-3. The muscles arise. A subset of tongue muscles are derived from the somites, and Sp homozygous mice have deexplant experiments reported here suggest this. In keeping with this interpretation, in explant experiments with fects in tongue muscle development. In addition, we find that a group of neck muscles that extend from the presomitic mesoderm, dorsal ectoderm activates Pax-3 (Fan and Tessier-Lavigne, 1994) as well as MyoD (Cossu head into the body are present in the double mutant. The mesodermal origin of the latter is not clear. A more et al., 1996a) . Furthermore, experiments with ectopically expressed Pax-3 suggest that this may be the case detailed analysis of these and other head muscles should help to determine whether Pax-3 function is in- (Maroto et al., 1997 [this issue of Cell] ).
Other aspects of Pax-3 function have to be considered deed limited to somitic mesoderm. In support of this, we detect neither Pax-3 nor Pax-7 expression (see also in this context. Pax-3 has been reported to inhibit myogenic differentiation under some conditions (Epstein et Mansouri et al., 1996) in head muscles or their precursors. al., 1995) , and this may be related to the fact that overexpression of Pax genes, either in vitro or as a result of a chromosomal rearrangement, transforms certain cell MyoD Activation Is Dependent lines . Since the met gene on Both Pax-3 and Myf-5 is expressed in the medial part of the dermomyotome Previous analysis of the Myf-5 null mutant showed that after Pax-3 has been down-regulated in this part of the MyoD rescues muscle development .
somite (Yang et al., 1996) , it is possible that Pax-3, perBased on that finding and the report that MyoD activahaps through Met, is necessary for the amplification of tion takes place normally in Myf-5 null mice (Braun et a population of myogenic progenitor cells that subseal., 1994), it has been concluded that MyoD activation quently express MyoD. Similarly, ablation of the lateral is independent of Myf-5. Therefore, given the phenotype dermomyotome in Sp embryos, with loss of the somitic of the Sp/Myf-5 a2Ϫ/Ϫ double homozygous embryos, it bud, may also point to the loss of a reservoir of Pax-3 ϩ might be expected that MyoD activation is Pax-3, not stem cells that would normally feed into the postmitotic Myf-5, dependent. However, we show that in Myf-5 null myotome ( Figure 5D ). embryos, MyoD activation is delayed. The discrepancy Pax-3 is clearly involved in long-range cell migrations, between our results and those reported previously probably by means of the Met receptor and its ligand, , at least with regard to cranial soscatter factor (Bladt et al., 1995) . It may also be critical mites, may be explained by the presence of a group of for short-range migration within the somite. Again, the shoulder muscles anterior to the forelimb that do not expression of the Met receptor in the medial as well show the usual delay between Myf-5 and MyoD activaas lateral domain of the dermomyotome and in body tion; the development of these muscles is not perturbed muscles that are probably of epaxial origin (Sonnenberg in a2Ϫ/Ϫ embryos. Our comparative analysis beet al., 1993; Yang et al., 1996) is consistent with a role tween control and Myf-5 a2Ϫ/Ϫ embryos clearly demonin short-range migration. In the head, muscle positioning strates an initial dependence of MyoD activation on as a result of growth rather than extensive cell migration Myf-5 at most sites in the trunk of the embryo. It has may obviate the need for Pax-3, or alternatively, another been proposed, based on experiments with ES cells, gene functionally substitutes for Pax-3 in the head. that MyoD and Myf-5 are activated in independent cell From our analysis of the Myf-5 a2Ϫ/Ϫ null embryos, we lineages and are not coexpressed (Braun and Arnold, have demonstrated that in the absence of this myogenic 1996). Our observations on Myf-5 a2ϩ/Ϫ embryos and with factor, muscle progenitor cells migrate aberrantly and explants show that MyoD is activated in medially derived fail to localize to the cental aspect of the somite. We muscle cells that have already activated Myf-5 (Cossu suggested that Myf-5 may "determine" the fate of myoet al., 1996a; Tajbakhsh et al., 1996a) . genic progenitor cells by activating a cell surface comUnexpectedly, the delay in MyoD activation is also ponent that permits them to respond correctly to positional cues in the embryo; in the absence of Myf-5, the evident in the lateral aspect of the somite, where in to see whether met Ϫ/Ϫ /Myf-5 a2Ϫ/Ϫ double null mice have the same phenotype as Sp/Myf-5 a2Ϫ/Ϫ double mutants.
Explant Cultures and Immunofluorescence
We have initiated experiments of this kind to investigate E9.5 embryos were dissected at room temperature in RPMI (GIBCOthe respective roles of Pax-3 and Myf-5, which, in the BRL) medium, and the UPM with dorsal ectoderm but without most genetic hierarchy established in our study (Figure 7) , act of the lateral mesoderm was removed from wild-type, heterozygous, upstream of MyoD in the initiation of myogenesis.
and homozygous embryos. At this stage, the UPM would give rise to somites of the interlimb region. The remainder of the embryo was used for genotyping. Axial structures were dissected away from Experimental Procedures somites using 0.1% pancreatin and 0.1% trypsin for 2 min at 4ЊC, and the reaction was stopped with the addition of medium conGeneration of Embryos and Genotyping taining serum. Individual explants were grown on a feeder layer of Gene targeting of the Myf-5 locus with the nlacZ (n, nuclear localiza-10T1/2 cells in RPMI supplemented with 10% decomplemented tion signal) reporter gene has been described previously (Tajbakhsh (56ЊC, 30 min) fetal calf serum. Immunofluorescence was carried et al., 1996b). Heterozygous Myf-5 a2ϩ/Ϫ (129sv/C57BL6/DBA2) and out Cossu et al., 1996a) with the Sp (C57BL6, Jackson Laboratories) mice were interbred to obtain following: a polyclonal anti-MyoD (a gift from J. Harris), monoclonal double heterozygous animals. Sp /ϩ/Myf-5 a2ϩ/Ϫ mice were then inanti-MHC MF20 antibody, anti-MHC (polyclonal), and anti-␤-gal terbred to obtain Sp/Myf-5 a2Ϫ/Ϫ double homozygous embryos. Mice (monoclonal, Sigma). Secondary antibodies were conjugated with carrying the Myf-5 a2 mutation were also analyzed on an outbred Texas-Red (Amersham; Figure 3 ), rhodamine (Sigma; Figure 5 ), or (CD1) genetic background. To distinguish Myf-5 mutant embryos in peroxidase (Sigma). MyoD ϩ cells were scored per explant experithe litter, genotyping by polymerase chain reaction (PCR) of yolk ment after 60 hr. Cell survival, as evaluated by Hoechst 33258 stainsacs or a portion of the embryo was used to detect the wild-type ing, appeared similar in Sp heterozygous and homozygous embryo (225 bp), heterozygous (225 and 414 bp), and homozygous (414 bp) cultures. alleles as described previously (Picard, 1994) . A combination of three oligonucleotides was used: M5KO1, 5Ј-GGT GTC TCC TCT Acknowledgments CTG CTG AAT CCA GGT AT (forward); M5KO2, 5Ј-AGG TGC ACG CAC GTG CTC CTC ACT GTC TGA (reverse); and M5KO3, 5Ј-CGC This work was supported by grants from the Pasteur Institute, the ATC GTA ACC GTG CAT CTG CCA GTT TGA (reverse). M5KO2 is Centre National de la Recherche Scientifique, the Association Franlocated within the bHLH region that was deleted in the targeted ç aise contre les Myopathies, Italian Telethon A.67, and the Ministè re allele, and M5KO3 is located in the nlacZ reporter gene. Alternatively, de l'Education Nationale, de l'Enseignement Supé rieur et de la Regenotyping was carried out by Southern analysis or embryos were cherche. We thank P. Gruss and J. Harris for kindly providing Pax-3 distinguished by their ␤-gal expression pattern, generally using rosand Pax-7 probes and MyoD antibody, respectively, and K. Vogan tral somites. The spontaneously arising Sp allele has a mutation in for providing the Pax-3 intron sequence. We are grateful to P. Tremintron 3, resulting in the production of aberrantly spliced transcripts blay, R. Sporle, and members of the Buckingham laboratory for (Epstein et al., 1993 ) that can be detected by in situ hybridization. Sp helpful discussions; R. Kelly for critical reading of the manuscript; embryos were identified by using specific primers spanning intron 3 and M. Polimeni for her scientific contribution. and exon 4: Sp4 (intron 3, forward), 5Ј-GAG AGG GTT GAG TAC GTT AGC-3Ј; Sp2 (wild type, reverse), 5Ј-CGG CTG ATA GAA CTC
